This review integrates findings from neuropsychological, PET, and MRI studies in human subjects
T he first known use of cocaine occurred between 2000 and 1500 b.c. among South American Indians. From the 1920s to the 1960s, the drug was used recreationally in the United States among jazz musicians, actors, and the "cultural avant garde." 1 Since the early 1970s, cocaine use has grown dramatically in popularity. Estimates suggest that the number of Americans who have tried cocaine at least once rose from 5.4 million in 1974 to 21.6 million in 1982. Indeed, cocaine production has come to flourish as an industry, with an estimated annual revenue of at least 27 billion dollars. In 1985, the introduction of "crack" brought a subsequent increase of cocaine use; a study published in 1988 estimated 5,000 new users per day, 6 million regular users, and 1 million compulsive users of the drug. 2 In 1995, an estimated 1.5 million Americans used cocaine, and around a half-million used cocaine at least weekly.
Obviously, this staggering number of cocaine users catapulted cocaine abuse to a major public health problem. Compulsive, life-threatening behaviors are often observed in humans who abuse this drug. The chronic use of cocaine is also associated with major medical, neurological, and neuropsychiatric complications. Moreover, there is at present no adequate therapy for cocaine addiction. It is likely that the inadequacy of ther-BOLLA et al.
apeutic approaches reflects the lack of a neurobiologic model of cocaine abuse that takes into consideration the neurological sequelae of repeated cocaine use. 3 In this review we address this issue by focusing attention on recent findings in studies of brain function and integrity as related to cocaine abuse in humans. We also describe a working hypothesis that prefrontal lobe damage is the pathological substrate that must be better understood before efficient therapy can be developed for individuals addicted to cocaine. We suggest that complex interactions of cortical and subcortical brain regions are involved in the maintenance of cocaine addiction-and that therefore pharmacological approaches directed to one neurotransmitter might not necessarily be the most productive way to deal with cocaine abuse.
CHRONIC EFFECTS OF COCAINE ON MONOAMINERGIC SYSTEMS
Although activation of midbrain dopamine (DA) neurons is thought to play the most important role in appetitive behavior, 4 studies in animals suggest that chronic administration of cocaine causes alterations in dopamine dynamics in various brain regions. [5] [6] [7] Studies of cerebral glucose metabolism suggest that the main effects of cocaine primarily involve subcortical dopaminergic circuits in rats, 8, 9 but cortical involvement, possibly including serotonergic and noradrenergic systems, is evidenced in the nonhuman primate after chronic treatment. 10 Although DA concentrations have not been measured directly in the brains of abstinent cocaine abusers, a relationship was found between decreased D 2 dopamine receptor availability and decreased glucose metabolism in several frontal brain regions, particularly the orbitofrontal cortex and cingulate gyrus, 11 which receive dopaminergic afferents. Decreased D 2 receptor availability also was correlated with years of cocaine use. Volkow et al. 11 suggested that decreased D 2 receptor availability could reflect downregulation of postsynaptic D 2 receptors in response to repeated elevations in synaptic DA when cocaine is administered. An association between depletion of DA and decreased frontal metabolism also has been observed in Parkinson's disease. 12 Postmortem assays of brains from human subjects with no known neurological or psychiatric disease reveal that cocaine binds to dopamine uptake sites in the basal ganglia, but also to serotonin uptake sites in the frontal cortex and hippocampus. 13 It is also important to point out that the number of DA transporters is decreased in the prefrontal cortex of cocaine users. 7 Monoamine (dopamine and serotonin) depletion or dysregulation in specific brain regions that control drive and affect could contribute to neuropsychiatric abnormalities (craving and depression) evident in the aftermath of chronic cocaine abuse. 11, 14, 15 The idea that chronic cocaine administration in humans might result in dopamine depletion is supported by reports of hyperprolactinemia 14 as well as increased pituitary volume 16 in cocaine abusers. Furthermore, individuals withdrawing from cocaine retrospectively report craving that is correlated with elevated glucose metabolism in the orbitofrontal cortex (OFC) and other prefrontal areas. 17 Therefore, the repeated use of cocaine may result in cocaine-induced dopaminergic stimulation, and shortly after cessation of drug administration, activation in the OFC and other prefrontal brain regions may lead to increased drive to self-administer cocaine compulsively. With continued abstinence from cocaine use, these regions become hypometabolic, but when cocaine is readministered, frontal brain regions may be reactivated, again contributing to the compulsion to use cocaine. 18 Chronic cocaine users have reported what we have called cocaine withdrawal-related depression, 3 which may be a neurophysiologic response to the elimination of cocaine from the CNS. This could occur according to the following scenarios. For example, the use of cocaine is associated with acute increases in dopamine levels in the synaptic cleft and overstimulation of postsynaptic DA receptors; the chronic stimulation of these receptors could lead to a new adaptive state such as receptor downregulation or dysregulation. Therefore, continuous use of the drug would be required to sustain the new biochemical steady state in the CNS. On the other hand, repeated use of the drug may alter the dynamics of monoamine turnover as a response to the repeated cocaine blockade of DA reuptake. This could occur via GABAergic striatonigral feedback pathways that could act to dampen the synthesis and release of monoamines after chronic exposure to cocaine. It is also likely that chronic use of cocaine, by causing upregulation of presynaptic DA transporters, 19 would decrease the amount of DA available to stimulate postsynaptic receptors because of increased DA reuptake by increased numbers of membrane DA transporters. If any of these scenarios is correct, then the addict would need to use cocaine repeatedly in order to maintain homeostasis within central dopaminergic systems.
EFFECTS OF COCAINE ON REGIONAL AND GLOBAL BRAIN FUNCTION Cerebral Blood Flow and Glucose Metabolism as Indices of Brain Function
Measures of global and regional cerebral blood flow (CBF and rCBF, respectively) are indices of cerebral CHRONIC COCAINE ABUSE functional activity. CBF is regulated according to the requirements of cerebral metabolism. 20 In animals, in normal human subjects, and in patients with brain disease, 21 rates of rCBF are related to regional cerebral metabolic rates for glucose, 22 and in some cases (during hard exercise), rCBF is coupled to the regional cerebral metabolic rate for oxygen in the cerebral cortex. 23 Cerebral blood flow falls in neuropathologic states, including dementia 24 and stroke. 25 Therefore, measurements of CBF and rCBF provide information about functional brain activity. Positron emission tomography (PET), a noninvasive nuclear medicine technique, makes it possible to address questions about functional brain activity in humans. This technique can be used to quantify CBF, rCBF, and cerebral metabolic rates for glucose, during either rest or cognitive activation.
Animal Studies
Acute administration of cocaine in rodents and primates has profound metabolic effects on the ventral striatum. 10, 26 It increases cerebral metabolism in rats, primarily in subcortical regions, 8, 26 whereas in nonhuman primates, glucose utilization is decreased in the limbic system, including the nucleus accumbens, limbic cortex, orbitofrontal and other prefrontal cortical areas, and part of the hippocampus formation. 10 This interspecies difference in the effects of cocaine on brain metabolism may be attributed to more complex neuroanatomical architecture in the primate as compared with the rodent. The results suggest that in the primate, the central action of cocaine involves corticostriatal activity, originating in limbic cortex and projecting to the ventral striatum. It is through these projections that the reinforcing effects of cocaine may be mediated, in part, by limbic cortical structures. 10 The discrepancy in findings between rodent and primate studies illustrates the limitations of animal models of chronic cocaine use and justifies the need to investigate the chronic effects of cocaine in humans.
Human Studies
Few studies have assessed the acute effects of cocaine because of the difficulties inherent in administering cocaine to humans. However, cerebral glucose utilization, as measured by PET and [
18 F] fluorodeoxyglucose, was reduced when cocaine was administered to volunteers with histories of intravenous cocaine abuse. 27 Significant decreases were found in most brain regions assayed. Thus, cocaine-induced decreases in metabolism are similar in humans and nonhuman primates. Normalized cerebral blood flow, as assessed by single-photon emission computed tomography (SPECT), was also decreased in the frontal cortex and basal ganglia and was negatively correlated with increases in self-ratings of "high" and "rush." 28 In abstinent heavy cocaine abusers, cerebral metabolism is higher in medial orbitofrontal cortex and basal ganglia during the first week of abstinence from cocaine as compared with metabolism in normal subjects, but then falls below normal levels and remains depressed for at least 3 months. 11, 17, 29 In cocaine abusers abstinent 1 to 6 weeks, glucose utilization also correlated mildly with an estimate of weekly dose of cocaine and years of cocaine use. 29 Although interesting, these latter results should be interpreted cautiously because they are based on only 7 patients. Nevertheless, the relationship between intensity of cocaine use and low level of frontal lobe metabolism suggests that the heavy use of cocaine is at least partly responsible for these findings. In contrast, Stapleton et al. 30 did not show frontal hypometabolism in chronic cocaine abusers who also used opiates (polysubstance abusers). This discrepancy is probably due to differences in the amount of cocaine used. The cocaine abusers studied by Volkow et al. 29 used larger amounts of cocaine than those participants studied by Stapleton et al. 30 (Ͼ4 g/week versus about 1.4 g/week) and they lacked histories of illicit opiate abuse. In addition, the users in Volkow et al. 29 used crack, and the route of administration was via smoking, whereas the users in Stapleton et al. 30 used multiple methods of administration.
Studies of rCBF also show defects in prefrontal cortex in abstinent cocaine abusers. 15, 31, 32 These rCBF deficits could reflect long-term vasospasm in cerebral arteries exposed chronically to the sympathomimetic actions of cocaine. 15 Greater deficits are observed in rCBF than in glucose utilization when both are examined in the same cocaine-abusing individual. 15 The discrepancy may reflect the direct actions of cocaine on cerebral vessels. Frontal lobe deficits in rCBF may be related to selective sensitivity of anterior and middle cerebral arteries to cocaine.
Changes in cerebral perfusion may be related to changes in neurocognitive functioning. Strickland et al. 33 reported an association between hypoperfusion and neurocognitive difficulties in the areas of attention/concentration, new learning, visual and verbal memory, word production, and visuomotor integration. However, only 8 subjects were studied 6 months after their last reported use of cocaine. Therefore, it is uncertain whether the changes in rCBF and neurobehavioral functioning can be attributed to cocaine use. Other studies find minimal neurocognitive symptoms in cocaine abusers who show decreased cerebral blood flow. 15, 32 However, these studies failed to present detailed results of the specific tests used. Discrepant results may reflect dif-
ferences in demographic characteristics (personality characteristics, amount/duration of cocaine use), sensitivity of the neurobehavioral tests, and research methodology.
CEREBROVASCULAR EFFECTS OF COCAINE
With the advent of freebase cocaine (crack) in 1985, the number of reports of cocaine-related ischemic and hemorrhagic strokes increased dramatically. [34] [35] [36] [37] [38] Underlying aneurysms or arteriovenous malformations (AVMs) are associated with hemorrhagic strokes. Cocaine-induced vasoconstriction, on the other hand, appears to cause ischemic strokes. The vasoconstrictive action of cocaine and the cocaine metabolites benzoylecgonine 39 and norcocaine 40 may be the greatest contributing factor to the increased incidence of ischemic strokes in cocaine users. Amphetamine, which is pharmacologically similar to cocaine in terms of its effects on dopamine levels, produces vasoconstriction on small arterial branches of the anterior and middle cerebral arteries when intravenously administered to monkeys. 41 If cocaine were to affect the same vessels, then brain regions such as the frontal and prefrontal cortices, which are in the distribution of these vessels, would be most affected by repeated use of cocaine. Vasoconstriction might follow from the increased availability of epinephrine and norepinephrine in the vasculature due to cocaine blockade of reuptake. Serotonin might also play a role because it is a potent vasoconstrictor of large and medium-sized brain vessels. 35, 42 Other possible mechanisms for cerebral ischemia associated with cocaine abuse include hypertension, platelet aggregability, vasculitis, cardiogenic emboli, and drug contaminants. 43, 44 Intravenous cocaine administration increases the risk of hemorrhagic stroke. 36, 45 Although stroke may be more likely to occur in cocaine abusers who have preexisting risk factors for stroke (AVMs, vascular disease, cardiac sources of emboli), the presence of an underlying structural lesion is not a necessary factor for stroke. In these cases, sudden increases in arterial pressure could be enough to cause hemorrhagic strokes.
EFFECTS OF COCAINE ON BRAIN STRUCTURE
Available information on the effects of chronic cocaine use on brain structure is limited. However, such abnormalities have been found in chronic cocaine abusers 46, 47 and polysubstance abusers. 48 When Pascual-Leone et al. 46 compared planimetric CT measurements of habitual cocaine abusers with those of first-time users and control subjects, habitual users had a greater degree of cerebral atrophy, which correlated with duration of cocaine abuse on one measure (maximal frontal horn width). However, no measurement was made of amount or intensity of cocaine use. In addition, the study included participants with histories of seizures, acute psychosis, and tics. Therefore, it is possible that the cerebral atrophy was related to long-standing psychopathology rather than cocaine use. Langendorf et al. 47 used volumetric MRI measures to study brain atrophy in individuals who used cocaine alone. Their preliminary results suggest reduced brain volume in cocaine abusers. These authors suggest that cerebral ischemia is the pathogenesis for atrophy and that this ischemia may be partially reversible with abstinence from cocaine.
Studies from our laboratories have found variable results, the variability probably depending on the technique used for measurement and the level of use of cocaine and other drugs in the group under investigation. Cascella et al. 48 used planimetric CT and found no relationship between a measure of brain atrophy and cocaine use once the effect of age was controlled. This study group included polysubstance abusers who used on average less than 2 grams per week of cocaine. In another study, ventricle-to-brain ratio (VBR) was determined volumetrically by MRI in polysubstance abusers who had a median value of less that one-half gram of cocaine use per week, and no group differences were found in VBR. 49 However, in our latest endeavor, we found significantly smaller total volume of the prefrontal lobe (left and right hemispheres) in a polysubstance abuse group relative to control subjects (Liu et al., submitted for publication). The drug abusers had a median value of about a gram of cocaine use per week. These data suggest that it is possible to detect differences in brain structure in chronic drug users if a sensitive measure of brain morphology is used and if the amount of cocaine use is high enough to cause changes in structure.
EFFECTS OF COCAINE ON NEUROBEHAVIORAL FUNCTIONING
The term neurobehavioral effects includes alterations in cognition, personality, affect, and behavior. Findings on the neurocognitive effects of chronic cocaine abuse are equivocal. Some studies report difficulties with response speed, visual and verbal learning and memory, and executive functions (Bolla et al., unpublished data), 33, [50] [51] [52] [53] [54] [55] while others report minimal effects. 29, 32, 56 Interestingly, Manschreck et al. 52 found an association between chronic cocaine use and enhancement of performance on some tests (e.g., finger tapping, visuospatial memory, CHRONIC COCAINE ABUSE and learning). These discrepancies most likely arise from differences in the amount and/or duration of cocaine use, the length of abstinence when tested, the sensitivity of the neuropsychological tests given, the lack of a control group, small sample size, and/or poor control of severity of depression, age, premorbid level of intelligence, gender distribution, and personality characteristics (e.g., antisocial personality disorder).
When interpreted collectively, studies on the neurocognitive effects of chronic cocaine abuse suggest that long-term neurologic sequelae of chronic cocaine abuse may be subtle and specific rather than general. Problems with executive functioning (decision making, judgment, attention/planning/mental flexibility) are the most frequently reported cognitive difficulties. This cognitive domain relates primarily to the functional integrity of the prefrontal lobe. [57] [58] [59] Chronic cocaine abuse may also lead to persistent changes in brain function and structure with no detectable neurocognitive effects. Few neurocognitive effects were found in cocaine abusers with decreased cerebral blood flow. 1 ,32,56 Compensatory increases in the rate of oxygen extraction under conditions of decreased CBF may explain this finding. 60 Nonetheless, neurobehavioral tests have rarely been used to study chronic neurobehavioral effects of cocaine. Detecting subtle behavioral effects requires the administration of several complex tests of executive functioning. Also, tests measuring the accuracy and speed of information processing have proved to be the most sensitive in detecting subtle brain dysfunction. Such tests have not been used routinely.
Although the possibility exists that cocaine abuse might stem from preexisting cognitive deficits, evidence that cocaine use contributes, at least partly, to the development of cognitive difficulties comes from studies showing negative relationships between test scores, amount and duration of cocaine abuse, and length of abstinence (Bolla et al., unpublished data). 53, 55 Changes in affect and personality have also been associated with chronic cocaine abuse. For example, the depressed mood reportedly associated with cocaine withdrawal may also account for a portion of the cognitive difficulties found in chronic cocaine abusers. 54, 61 Antisocial personality disorder has frequently been diagnosed in cocaine abusers and has also been associated with frontal lobe dysfunction. This relationship has been demonstrated by neuropsychological testing 62 and the use of event-related potentials. 63 Thus, affect and personality characteristics must also be considered when attempting to characterize the neurologic effects of chronic cocaine abuse.
GENERAL DISCUSSION
The accumulated evidence apparently supports the view that chronic cocaine abuse is associated with abnormalities in the central nervous system. More specifically, neurocognitive deficits are often reported in executive functions (judgment, decision making, mental flexibility) of chronic cocaine abusers. In addition, imaging studies (SPECT and PET) have revealed perfusion deficits and metabolic changes in the limbic prefrontal cortex of cocaine abusers. The limbic prefrontal brain region is an important anatomical substrate of executive cognitive abilities. Orbitofrontal and anterior cingulate cortices may be particularly important to study because previous neurochemical, neurobehavioral, and neuroimaging investigations have reported alterations in these regions in chronic cocaine abusers.
Chronic abusers of cocaine exhibit lack of judgment, unreliability, poor foresight, difficulty making decisions, disinhibition, apathy, euphoria, and irritability. The prefrontal lobe appears to play a role in the control or modulation of these behaviors, since damage to this region produces similar behaviors in brain-injured patients who are not drug users. 57, 64 Therefore, it is logical to suggest that the behavioral syndrome associated with the long-term use of cocaine may be associated with functional changes in the prefrontal cortex.
Because prefrontal brain regions are also involved in the regulation of drive and control, their dysfunction could lead to an inability to abstain from the use of cocaine. In primates, the orbitofrontal cortex is involved in positive reinforcement, 65 and neurons in this region increase their firing rate during rewarding electrical stimulation to other brain regions. 66, 67 The OFC is also involved, at least to some extent, in both spontaneous and cue-elicited craving. A correlation was observed between retrospective reports of spontaneous cocaine craving and changes in metabolic activity in the orbitofrontal cortex. 17 Although the presentation of cocainerelated cues increased the metabolic rate for glucose in the OFC, these changes in metabolism were not correlated with cue-elicited craving. 68 Cocaine abuse is also associated with repetitive compulsive acts that perpetuate drug-seeking behaviors. It is notable that patients who suffer from obsessive-compulsive disorder have metabolic abnormalities in the OFC. 69, 70 Therefore, the available evidence suggests that the OFC may be an important player in the maintenance of addiction.
The cingulate cortex may be another significant anatomical region in the developmental process of addiction. The cingulate cortex, like the OFC, has been shown to be involved in positive reinforcement in animal studies. 71 The anterior cingulate cortex may also participate in the modulation of the execution of appropriate responses and the suppression of inappropriate response. 72 Additionally, a "memory" of the positive drug experience may contribute to perpetuation of use and may lead to a feeling of craving when the drug is discontinued after the repeated administration of cocaine. 73 The exact neurobiologic substrates for consolidation of this "memory" are unknown but probably involve the cingulate gyrus and other brain regions.
To determine how abnormalities in brain structure affect brain function and neurocognitive functioning, it is necessary to examine relationships among volumetric changes and rCBF and neurobehavioral performance. This approach was successfully used to extend knowledge about the effects of alcohol on the CNS, and a similar approach might be useful to study the neurologic effects of cocaine. Using multiple measures of CNS functioning (glucose metabolism, MRI, and neurobehavioral testing), Wang et al. 74 showed that cortical atrophy (measured by quantitative MRI), but not ventricular size, was related to global decreases in brain glucose metabolism of alcoholics. However, in both alcoholics and control subjects, cortical atrophy and ventricular enlargement were both associated with decreased metabolism predominantly in the frontal cortices and subcortical structures. In addition, MRI findings (degree of ventricular enlargement and brain atrophy) were correlated with frontal lobe metabolism but not with neuropsychological performance. This relationship suggests that mild structural changes coupled with metabolic deficits alone may not be enough to produce clinically relevant neurobehavioral deficits.
A MODEL OF THE CLINICAL NEUROBIOLOGICAL EFFECTS OF CHRONIC COCAINE ABUSE
The following neurobehavioral model of cocaine effects (illustrated in Figure 1 ) is presented to summarize the neurologic effects of acute and chronic cocaine abuse. At a basic level, acute and chronic cocaine use alters neurotransmission in the central nervous system. Monoamine (dopamine and serotonin) depletion or neurochemically mediated dysregulation of specific brain regions (prefrontal cortex, limbic system) has been associated with alterations in cerebral blood flow and glucose metabolism. The prefrontal cortex and limbic system are involved in drive and affect. Thus, alterations in these brain structures could contribute to the reinforcing and addictive properties of cocaine. Alterations in neurotransmission, blood flow, and metabolism can also result in neurobehavioral effects (cognitive deficits; psychiatric effects including depression and compulsive behavior). Cocaine-induced neurofunctional changes may contribute to the repetitive and compulsive behavioral patterns associated with addictive behaviors. Although a one-to-one correspondence among neurotransmitter, functional, and behavioral changes probably does not exist, drug abusers who develop clinically relevant neurobehavioral changes will likely show cerebral blood flow changes in PET studies. The repeated vasoconstrictive actions of cocaine and the purported ischemic changes that this vasoconstriction might cause could result in progressive cell death due to reoxygenation-induced injury through oxidative and excitotoxic mechanisms.
This discussion predicts that various neurologic impairments may result from chronic cocaine abuse. A number of neurologic abnormalities have indeed been reported in association with cocaine abuse. These include cerebrovascular events (strokes), vasculitis, and seizures, as well as alterations in brain structure, metabolism, and blood flow. Nevertheless, the possibility must be considered that some of these neurologic impairments may predate cocaine use. It should be pointed out, however, that the determination of cause may be irrelevant to the development of treatment strategies that will target the clinical manifestations of a neuropathologic state. For example, although levodopa replacement has been very successful in the treatment of Parkinson's disease, the cause of dopaminergic cell death still remains to be determined.
FUTURE DIRECTIONS FOR RESEARCH AND TREATMENT
Future research will be needed to determine if chronic cocaine abuse is associated with changes in neurocog-CHRONIC COCAINE ABUSE nitive performance, cerebral blood flow, and structure. Such findings would elucidate brain-behavior relationships in cocaine-abusing individuals. An understanding of these relationships in individuals with cocaine addiction will lead to more effective treatment of cocaine dependence.
To some extent, controversy about the neurological sequelae of chronic cocaine abuse reflects a lack of rigor in measurement and examination of level of exposure. In the field of clinical neurotoxicology, when occupationally exposed workers were compared with a group of control subjects, few difficulties were found in neurocognitive performance. However, when the exposed group was subdivided with respect to exposure (high, medium, low), group differences became evident. These differences may exist because the effects of chemicals on the CNS are generally subtle and may occur only at higher doses. Therefore, it is critical to compare individuals with the highest exposure to individuals with lower or no exposure. This logic needs to be generalized to the study of the effects of chronic cocaine on the CNS. Clinical neurotoxicology principles predict that only those with high cocaine use might show neurologic deficits after cocaine use. Indeed, this approach has been successful in showing that the degree of cocaine use was proportional to the magnitude of performance difficulties (Bolla et al., unpublished data). 53, 55 It is also imperative to collect the correct "exposure" measure for analysis. Measures that have been used are intensity (amount), duration, and total dose (amount‫ן‬duration). Selection of the correct parameter depends on the toxicokinetics of the chemical/drug. For example, exposure duration was critical to the development of neurocognitive effects after organic and inorganic lead exposure, 75 whereas exposure intensity was more critical to the development of neurocognitive effects following exposure to organic solvents. 76 Cascella et al. 48 also found that amount of alcohol consumption per session at the time of peak use (bingeing) was a better predictor of brain atrophy than current alcohol consumption. Therefore, it is imperative to collect information on intensity (grams/week), duration (months), peak use, and total dose (intensity‫ן‬duration) of cocaine and other drugs used in order to determine which "exposure" measure is critical to changes in brain structure and function. Our preliminary work found a stronger negative relationship between neurobehavioral performance and intensity of cocaine use than between neurobehavioral performance and duration of use. These results are similar to observations related to the neurotoxic effects of amphetamine analogs, where repeated administration of small doses in one day can cause more lasting effects on brain monoaminergic systems than single injections of the drugs over long periods of time. 77 Although previous work shows abnormalities in cerebral blood flow and metabolism in abstinent cocaine abusers, few have attempted to directly examine the behavioral correlates of these alterations. In addition, to our knowledge no investigator has used a cognitive activation task during PET acquisition to increase the sensitivity of detection of subtle brain changes. Studies of this type are critical to identifying the neurobiological bases of behavioral deficits seen in cocaine abusers.
Critically examining the relationship between neurobehavioral and rCBF correlates requires measurement of rCBF while the cocaine abuser is engaged in a cognitive activity. In activation studies, changes in rCBF are measured while an individual is performing a cognitive task. Activation studies may increase the sensitivity as well as the specificity of PET. 78 Cognitive tasks designed to selectively activate the OFC and ACC would yield important information on the functional integrity of these brain regions in cocaine abusers. Activation studies have been used to study brain function in normal volunteers, [79] [80] [81] patients with Alzheimer's disease, and patients with schizophrenia, 82 but there are no published activation studies on chronic cocaine abusers.
Cerebrovascular effects of cocaine could lead to structural abnormalities and associated clinically significant changes in behavior. To extend our knowledge about the chronic effects of cocaine on the CNS, studies with MRI are needed to measure regional brain volumes. Functional correlates (rCBF and neurocognitive measures) of these possible structural abnormalities could also be investigated in the same individuals. Approaches using multiple measures of brain integrity have been successful in the study of alcoholics 74 and need to be extended to users of other drugs. Our model predicts a correlation between changes in brain volume and changes in rCBF. It is possible that these changes will be most prominent in the OFC and anterior cingulate gyrus and that they will be proportional to the intensity and/or duration of cocaine use. Furthermore, the model predicts that the magnitude of structural changes might determine the degree of neurobehavioral performance deficits. It is highly likely that these deficits will be in executive functions, since dysfunction in executive abilities may result in the perpetuation of addictive behavior. Deficits in executive functions can make it difficult to self-monitor, to change inappropriate behaviors, and to make rational decisions. Hence, a chronic cocaine abuser with these deficits would likely fail in attempts to discontinue selfdestructive, drug-seeking behavior.
Our model also predicts that chronic cocaine abuse will be associated with lower performance on neurocog-BOLLA et al.
nitive tests that measure prefrontal lobe functioning (executive functioning) and that the magnitude of performance difficulty will be correlated negatively with intensity of cocaine use. Also, the severity of these deficits should be proportional to the severity of the rCBF and structural (MRI) changes.
The use of a multi-method approach that examines the functional (rCBF) and structural (brain volume) correlates of neurobehavioral effects will provide valuable information about the neurobiology of chronic cocaine abuse. A better understanding of brain-behavior relationships will ultimately lead to more effective treatment and vocational rehabilitation of the chronic cocaine abuser. For example, specific pharmacological agents that normalize functional alterations (such as prefrontal hypometabolism) could be used in conjunction with specific cognitive-behavioral treatment programs. These customized treatment plans would take into account, and help the drug abuser compensate for, specific cognitive processing difficulties. In addition, knowledge of strengths in other cognitive domains could ultimately guide vocational rehabilitation programs to integrate these individuals into the workforce.
SUMMARY
In this review we have attempted to integrate the current state of knowledge on the biochemistry, cerebral blood flow, brain structure, and neurocognitive behavior of cocaine abusers. This discussion has reemphasized the view that chronic addiction is associated with brain disorders. 3 Ideally, this information can help in developing hypothesis-driven and neurobiologically based treatments for cocaine addiction. The presentation of chronic cocaine abuse as a neuropsychiatric syndrome opens up avenues for future research focused on improvement of patient care. Emphasis on the clinical neurosciences of drug abuse can also lead to a redefinition of addiction using more appropriate biomedical/neurobiological models. These new approaches should take into consideration persistent changes in the functional neuroanatomy of brains chronically exposed to cocaine. 
